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1.  ZtttrcMSuctIrai 

Fib«rglas8  reinforced  polyester  iFRP)  ctaiposites,  the  structural  material 
of  many  small  boats f  are  subject  to  a  degradation  phenomenon  known  as 
blistering.  These  blisters  have  been  well  described  (1  »2}  and  contains  an 
acidic  fluid  which  is  under  pressure  <3*^. 5, 6).  Blisters  range  in  size  from  a 
feu  milliseters  to  several  inches  in  diameter  and  normally  occur  near  the  gel 
coat-laminate  interface  (7,8,9,10,11,12)  but  have  been  observed  deeper  in  the 
hull  (13).  Blisters  are  very  rarely  seen  in  the  gel  coat  material  Itself. 
Only  in  one  case,  where  two  layers  of  gel  coat  were  used,  were  blisters 
observed  to  form  at  the  interface  within  the  gel  coat. 

Good  statistical  information  on  the  occurrence  and  severity  of  blisters  on 
boats  does  not  exist.  While  we  have  seen  over  100  cases  of  coat  blisters, 
there  is  no  statistically  established  correlation  between  boat  age  and  blister 
onset,  severity  or  depth  into  hull,  the  iiifluence  of  the  cycle  of  dry  land 
storage  to  immersion  is  not  known,  reports  from  warmer  water  locations 
suggest  the  problem  is  more  severe  than  in  northern  areas.  We  have  seen  three 
oases  in  which  the  hull  is  severely  delaminated  and  in  which  decomposed  resin 
is  found  more  than  half  way  throgh  the  hull.  These  were  older  boats  (more 
than  10  years  old).  Estimates  of  the  number  of  boats  showing  blisters  in 
given  localities  range  from  1K  to  90%  (12,13,1*1).  There  is  a  belief  among 
many  marina  personnel  tht  the  problem  is  more  widespread  now  among  newer  boats 
than  it  was  ten  years  ago.  Again,  this  is  unsubstantiated  by  reliable 
statistics  but  has  been  reported  to  us  by  many  marina  operators.  Indeed,  one 
manufacturer  stated  that  prior  to  about  1980,  for  10,000  boats  produced  they 
had  never  had  any  blisters  reported  hut,  since  then,  they  have  had  hundreds  of 


coaplaints.  The  c<»t  of  repair  is  significant  to  boat  omtera  ranging  from  $10 
to  #200  p«r  foot  of  boat  and  several  boats  have  been  declared  unseaworthy 
ecause  of  structural  damage  (t3*1^}*  A  solution  to  the  problM  must  be  found 
to  restcve  oonsuaw*  faith  in  glass-polyester  boats. 

Data  gathered  in  this  study  and  evidence  from  past  work  suggest  a 
amchanito  for  blister  formation  which  is  given  below. 

All  polymeric  materials  have  some  permeability  to  water.  The  permeation 
rate  depends  on  the  chemical  coaposition  of  the  polymer,  the  added  molecular 
species  and  the  manner  in  which  it  was  made.  In  the  short-term,  water  moving 
through  the  hull  will  not  attack  the  polymer  nor  will  it  fona  blisters  unless 
it  reacts  with  water  soluble  materials  concentrated  within  the  polymer  network. 
These  pockets  of  concentrated  water  soluble  material  (WSH)  materials  cause 
blistering.  These  clusters  of  WSM  material  may  be  present  because  of  poor 
mixing  during  manufacture,  additives  to  the  polymer,  undercuring  during 
lay-up,  air  inhibition,  poor  "house- keeping"  procedures,  or  because  well 
dispersed  units  are  concentrated  by  stress  fields.  These  clusters  react  with 
diffusing  water  to  form  concentrated  solutions  Inside  the  hull.  The  solutions 
are  separated  from  the  sea  or  lake  water  by  the  semi-permeable  polymer  gel 
coat  (and  resin)  membrane  and  hence  create  an  osmotic  pressure  which  draws 
more  water  into  the  solution  pocket  to  dilute  that  inner  solution  as  required 
by  the  laws  of  chemical  equilibria.  The  growing  solution  causes  the  surface 
to  bulge,  creating  the  blister.  The  solution  becomes  acidic  and  this 
entrapped  acid  causes  degradation  of  the  surrounding  polymer.  This  process 
adds  more  low  molecular  weight  materials  to  the  solution  thus  perpetuating  the 
process  begun  by  LMf  material.  Blisters  grow  parallel  to  the  hull  surface 
and,  with  time,  may  initiate  a  deeper  second  generation  series  of  blisters 
(13).  It  will  be  shown  that  the  blisters  create  a  stress  concentration 


seotianisB  which  could  lead  to  Bechanical  delamination  of  the  hull.  Deeper 
soXuti<»>  pockets  do  not  cause  the  surficial  "blister**  because  of  the  glass 
reinforcement  but  spread  laterally  and  attack  the  polymer  mnethelcss.  This 
picture  is  partly  theory  which  needs  proof  and  partly  well  establishea*  This 
report  will  focus  on  those  aspects  which  have  been  proved  by  us  or  others  and 
those  areas  which  need  more  work,  some  of  which  has  been  conducted  during  this 
study. 

The  Hull  Material; 

Uhile  a  voluminous  literature  exists  on  the  chemistry  of  unsaturated, 
room-temperature  citring.  polyester/styrene  resins,  a  review  of  all  aspects  of 
the  chemistry  and  manufacturing  methods  is  beyond  the  scope  of  this  report. 
However,  those  aspects  that  are  pertinent  to  the  blister  problem  will  be 
summarized.  Since  the  first  polymer /glass  boats  were  made  in  the  late  forties 
and  early  fifties,  the  hull  material  has  been  a  polyester/styrene/glass 
composite.  Figure  1  shows  a  hypothetical  diagram  of  the  molecular  structure 
of  such  a  material  which  has  been  drawn  more  or  less  to  scale  based  on  the 
size  of  the  atoms  in  each  building  block.  The  figure  represents  a  t:1:2:4 
resin,  i.e.  1  mole  phthalic  acid  to  1  mole  of  maleic  acid  to  Z  moles  of  glycol 
to  4  moles  of  styrene.  The  reactivity  of  the  resin  can  be  Increased  by 
increasing  the  number  of  maleic  acid  groups  in  the  chain.  It  Is  impossible  to 
show  one  filament  of  glass  fiber  in  this  diagram  since  the  diameter  of  one 
glass  filament  (50,000  )  Is  more  than  one  hundred  times  the  size  of  a  single 
unit  of  polyester  chain.  The  coupling  agents  and  the  binders  on  the  glass 
filaments  are  about  the  sane  size  as  the  polyester  chain. 

As  shown  in  the  diagram,  there  is  considerable  free  space  within  the 
cross-linked  polymer  network,  it  is  In  this  free  space  that  the  WSM  units 
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resi(i*t  to  the  polymer  chains  by  polar  forces,  anii  into  which  the 
«at«r  KHeeules  ‘will  fit  as  they  diffuse  into  the  polymer.  Table  1  lists  the 
materials  that  can  be  used  to  make  a  polyester  composite  for  the  marine 
industry  (1$).  Rot  all  of  the  constituents  will  be  used  in  a  given  polyester 
and  the  examples  listed  of  each  type  is  not  eidiaustlve.  Possible  sources  of 
WSK  waits  are  shown  in  the  table.  Prom  1  to  5  p«r‘cent  of  the  composite  can  be 
VSM  units  in  a  completely  cured,  ideal  resin. 

The  second  major  source  of  WSM  units  comes  from  the  network  formers  as  a 
result  of  incomplete  cure  of  the  resin.  In  Table  1 ,  all  of  the  polyester 
groups  should,  under  ideal  conditions,  be  bound  into  a  three  dimensional 
infinite  network.  Three  things  can  convert  network  molecules  into  WSM  units. 
First,  incomplete  cure,  caused  by  poor  mixing,  too  low  a  mix  temperature, 
decomposed  peroxide,  reaction  of  styrene  with  air,  or  improper  catalyst 
package  selection  will  mean  that  a  certain  fraction  of  the  network  formers 
will  remain  as  WSM  units.  Second,  in  "cooking**  the  polyester,  a  certain 
fraction  of  material  either  does  not  react  to  tom  ester  chains  or  forms  short 
unsaturated  chains  that  become  WSH.  Thirdly,  over  a  i>eriod  of  time,  chemical 
reactions  with  watm*  or  acids  can  break  down  the  netwcxrk  (chain  scission)  and 
convert  parts  of  it  to  WSM.  All  three  of  the  above  mechanisms  can  produce 
free  glycols  in  a  resin.  Excess  glycol  has  been  shown  to  cause  blisters 
(5,12). 

There  have  been  some  major  changes  in  manufacturing  processes  since  the 
early  fifties.  Some  of  these  were  the  result  of  design  changes,  some  the 
results  of  material  &  equipment  changes,  and  some  the  result  of  regulat(H'y 
i^utnges.  In  recent  years,  different  resins,  fillers,  waxes,  antioxidants, 
flame  retardants,  coupling  agents,  binders  and  reinforcmnent  materials  have 
been  developed  to  improve  the  performance  of  the  composite.  Spray  guns  and 


Table  1 


Soc^  Coomon  Constituents  in  a  Polyester  Glass  Cceposite 
Harine  Mat«:*ial.  Materials  are  classified  as  network 
Scrwa'B  (NIT),  low  TOleoular  weight  units  in  the 
nett^k  (USM)  and  stable  additives  (STAB). 


1 .  Polyest^  &*oups 

Orthoj^thaiio  acid  «•  anhydride  (NET) 
Isophthalio  acid  or  anhydride  (NET) 
JSpoxy  and/or  acrylate  units  ^  (NET) 
Ethylene  glycol  (NET) 
fh'opyiene  glycol  (NET) 
Neopentyl  glycol  (NET) 
Maleic  acid  or  anhydride  (unsaturated)  (NET) 
futtaric  acid  (veutaturated)  (NET) 


A  phthalic  acid,  a  glycol  and  a  maleic  are  reacted  to  fora  the 
unsaturated  polyester.  The  ratios  can  vary  fr<^  1p:ta:2g  to 
■ake  a  moderately  reactive  polyester  to  2ptla:3g  for  a  low 
reactive  polyester  to  ip:2m:3g  for  a  highly  reactive  polyester. 
Ordinarily  a  slignt  excess  of  glycol  (t: 1:2.1)  is  added  to 
ensure  termination  of  the  chains  by  glycoj.  units.  Excess 
glycol  or  uncured  ccmponents  will  contribute  to  USM  fraction. 

(NSM) 

2.  Cross-linking  Agent  or  Vinyl  Molecule  (NET) 

Styrene  (NO  to  50  weight  percent)  (unsaturated  vinyl  molecule) 
Acrylic  (only  in  experimental  resina)  (NET) 

vAdded  styrene  will  y^eld  a  total  ratio  of  lp:1m:2g:4  styrene. 

The  viscosity  of  the  resin  is  largely  controlled  by  the  amount  of 
styrene) 


3.  Inhibitor;  v0.1-0.5J)  -  added  to  increase  shelf  life. 

Quinones  (WSM) 

Amines  (kSM) 

(USM) 

Ultraviolet  stabiliser  yin  gel  coats  0.1-1%) 

Benzophenones  (U^; 

Hindered  amines  (USM) 

5.  Colorants  (in  gel  coat  materials) 

Inorganic  pigments  (1-5%)  (STAB) 

Organic  pigments  (1-5%)  (USM) 

Carriers  (phthalate  plasticizers)  (0-3%)  (USM) 

6.  Catalyst  (initiator  -  added  to  react  with  unsaturated  bonds 

and  cause  cross-linking  -  they  become  part  of  network) 
Azo-compounds  (NET) 

Methyl  ethyl  ketone  peroxide)  (1-2%)  (NET) 

Benzoyl  peroxide  (NET) 

Phthalate  carriers  (WSM) 


7.  Promoter  (accelerator  -  the  true  catalyst  vdiich  activates 
the  initiator) 

Cobalt  salts  (octoates,  napthenates,  alsynates)  (Wai) 
Anilines  (dimethyl)  (WSM; 
Mineral  spirit  carriers  (toluene)  (HSM) 


c 


Table  1  (continued) 


8.  Retnforcenent 

iHatSf  woven  fabrics,  chopped  fibers) 

Fiber  glass  Silicate  network  with  calcium  sodium,  (STAB) 

oagnesitaa  and  alumintas 

Class  surface  icms  leached  through  long  tern  acid  exposure  (WSM) 
Aramid  Fibers  ~  Carbon  Fibers  (STAB) 

9«  Coupling  Agents  (bond  formers  between  the  polymer  and  the 
glass) 

Various  silane  ccxnpounds.  (STAB) 

Titanates,  Hordantb  (chromium  compounds)  (STAB) 

Reaction  products  Trcm  a  long-term  acid  exposure  (WSM) 

10.  Sizing  (lubricants  and  handling  agents  (WSM) 

added  during  fiber  glass  manufacture) 


Staufches  and  emulsions.  Most  are  burned  off  before  composite 
manufacture. 


11.  Binders  (added  to  hold  mats  A  filaments  together) 

Polyvinyl  acetate  emulsions  (WSM; 

Polyester  powder  (STAB) 

12.  Thixotropes  -  (added  to  prevent  runoff  of  reslnj 

Uitraflne  Si02  (STAB) 

Clays  (STAB) 

^3*  Fillers  (added  to  reduce  cost) 

tlay  (could  cause  swelling  by  water  absoi’btion)  (STAB) 

Talc  (could  cause  swelling  by  water  absorbtion)  (STAB) 

Limestone  (could  cause  swelling  by  water  absorbtion)  (STAB) 

Ions  leached  from  fillers  vWSH) 


14.  Waxes  (added  to  prevent  air  inhibition  and  as  mold  release  (STAB) 
agents ) 

Will  not  interact  with  water  but  can  cause  localized  low 
strength  zones. 

15.  Wetting  Agents  (added  to  lower  interfacial  energy  and  enhance 
resin  wetting  of  glass) 

Oleates,  stearates,  emulsifiers,  surfactants  (possible  w;^) 

16.  Flame  Retardants 

Ilalogenated  compounds  (WSM) 

Aluminum  hydrates  (STAB) 

17.  Impurities  (can  enter  at  any  stage  in  which  new  materials 
are  added) 

Water,  Benzene,  Aldehydes,  »itcnes,  etc.  (WSM) 

Dirt,  dust,  wood  chips,  lint.  (WSM) 


chopper  guns  also  have  come  Into  widespread  use.  Catalyst  conpositions  were 
altered  to  satisfy  the  Department  of  Transportation  shipping  regulations  of 
the  late  1970*8.  These  regulations  reauced  the  percent  of  active  oxygen  in 
the  HEKP  catalyst  from  Ilf  to  9%.  OSHA  regiilationc  iaaued  in  the  early  1980*s 
may  affect  resin  compositions.  Oil  prices  could  also  alter  the  percent  of 
fillers  used  or  the  source  of  the  organic  components.  If  statistical 
information  on  blister  frequency  were  available,  these  data  could  be 
ccorelated  with  such  changes  to  Isolate  cause  and  effect  relationships. 

Another  unanswered  question  concerns  the  curing  mechanism  of  the  hull 
material.  We  assume  that,  during  cure,  all  WSM  units  are  trapped  within  the 
growing  network.  If  during  lay-up,  polymerization  begins  at  the  mold  surface 
and  moves  outward,  the  WSM  could  be  pushed  ahead  of  the  moving  gel  boundary 
and  concentrated  at  the  free  surface.  In  addition,  oxidation  of  the  surface 
by  air  inhibits  cure  by  breaking  up  styrene  molecules.  These  materials  night 
be  dissolved  in  the  next  layer  of  resin  and  upset  the  distribution  of  WSM 
locally. 

A  certain  level  of  WSM  units  is  essential  to  a  well  designed  resin,  and 
does  not  result  in  a  ccxuposite  of  low  blister  resistance.  However,  If  they 
are  concentrated  beyond  normal  limits  or  if  they  are  concentrated  at  given 
locations,  short  term  blistering  will  result. 

Water  Diffusion 

There  are  two  ways  that  water  can  move  through  a  polymer.  If  there  are 
small  channels  or  pin  holes  in  the  plastic,  liquid  water  (as  a  distinct  phase) 
can  flow  through  these  holes,  the  permeation  rate,  l.e.  the  amount  of  water 
(gms,  c.c,  or  buckets)  that  move  across  1  square  foot  of  the  hull  in  24  hours, 
for  a  given  hull  thickness,  is  determined  by  the  size  of  the  holes  in  the 


polyner  and  th«  difference  between  the  amount  of  water  on  both  sides  of  the 
pol]rn«r.  The  amount  of  water  is  measured  as  a  concentration  (partial 
pressure,  weight  percent,  mole  percent  or  activity).  While  this  type  of  flow 
transport  may  be  possible  in  some  polymers  it  can  never  create  osmotic 
pressure.  For  osmotic  pressure  to  build,  water  must  be  able  to  move  inward, 
but  wai  must  not  be  able  to  move  in  the  opposite  direction.  Osmotic  pressure 
in  hulls  is  generated  by  the  concentration  difference  between  two  solutions 
separated  by  a  polymer  membrane.  The  easiest  way  to  equilibrate  the 
concentration  of  the  pocket  of  the  WSM  solution  and  surrounding  water  is  to 
have  the  WSM  move  into  the  water.  A  membrane  with  pores  and  holes  would  allow 
this  to  happen.  There  would  be  little  resistance  to  the  movement  of  W^i  and 
no  OKBOtic  pressure  could  build. 

The  type  of  transport  that  is  more  important  to  understanding  blistering 
is  molecular  diffusion.  Here,  water  molecules  leave  the  liquid  phase  (sea 
water)  and  become  dissolved  in  the  free  space  of  the  polymer.  The  water 
molecules  Jump  from  one  space  to  the  next  open  space  moving  from  outside  the 
hull,  through  the  polymer  and  eventually  become  constituents  of  the  air 
(relative  humidity)  inside  the  boat. 

In  molecular  diffusion  the  permeation  rate  (t;.e  rate  of  water  movement)  is 
related  to  the  resistance  of  the  water  molecule  to  move  from  one  site  to 
another  and  this  is  determined  by  the  absorption  forces  acting  on  the  water 
aoleoule  by  atoms  in  the  polymer  network  and  the  WSM  units.  Also  controlling 
the  rate  of  water  transport  is  the  difference  in  the  amount  of  water  at  any 
two  points  in  the  hull.  As  D  is  a  measure  of  the  resistance  to  movement,  this 
concentration  difference  acts  as  the  driving  force  to  cause  movanent  of  water. 


As  the  concentration  difference  across  a  given  depth  into  the  hull  Increases 
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(If  tbe  reaiatancQ  remains  the  same)  water  moves  faster.  As  the  amount  of 
watw*  at  the  two  points  becomes  the  same,  water  movement  stops. 

The  movement  of  water  can  be  expressed  In  a  series  of  mathematical  laws 
lAiicdi  take  the  following  form: 

J(Plux  or  rate  water  is  transported  through  hull)  •  D(Dif fusion 
coefficient  which  is  inversely  proportional  to  the  resistance  to  water 
movement)  x  dc/dx  (water  concentration  gradient  or  driving  force  for 
movement). 

Furthermore  the  change  in  amount  of  water  at  a  point  in  the  hull  as  a 
function  of  time  also  can  be  determined  by  the  change  in  the  flux  (J)  at  the 
point.  Ihis  takes  the  following  form: 


These  two  expressions  are  known  as  Flck's  Laws  and  water  movement  which  obeys 
these  laws  is  known  as  Ficklan  diffusion  (16).  In  order  to  solve  these 
equations  another  Important  piece  of  data  must  be  obtained  for  hull  materials. 
The  water  gradient  is  controlled  by  how  much  water  can  dissolve  in  the 
polymer,  l.e.  for  a  given  polymer  volume,  the  number  of  free  space  sites  that 

I 

a  water  molecule  can  occupy.  This  value  is  known  as  the  solubility  of  water 
in  the  polymer  (S)  or  the  saturation  level  of  water.  Just  as  D  differs  for 
different  polymers,  so  does  S.  We  assume  that  as  soon  as  a  polymer  is  placed 
in  water  the  open  spaces  for  water  at  the  surface  will  be  filled  Instantly  and 


fr<«  that  point  on,  th«  water  gradient  changes  as  diffusion  takes  place, 
figure  2  shows  water  jroflles  which  were  generated  using  a  computer  model. 

t 

the  curves  represent  concentrations  of  water  at  different  depths  for  various 
tises  wid  sake  use  of  diffusion  coefficients  that  have  been  measured  for  a 
oroas*-llnked  polyester  resin.  All  four  profiles  are  shown  for  a  constant 
teap«'8ture  (72®^^*  water  movement  is  greatly  affected  by  temperature 
since  D  changes  with  temperature  and  pressure  (17).  Water  will  move  roughly 
twice  as  fast  into  the  hull  for  every  18®F  Increase  in  temperature. 

The  diffusion  coefficient,  D,  and  the  saturation  level,  S,  is  different 
for  each  polyester  composite.  The  amount  of  filler  and  glass  lowers  D  and  S 
by  eliminating  water  sites  in  a  given  volume  of  composite.  The  chemical 
entities  in  the  network  (see  Fig.  1)  and  the  water  affinity  of  the  WSM  affect 
D  by  determining  how  strongly  a  water  molecule  is  held  by  absorption  forces. 
Hence,  ortho,  iso  and  vinyl  polyesters  will  all  have  different  S  and  P  values. 
A  WSH  glycol  unit  which  bonds  to  water  will  tend  to  lower  the  D  value  but 
increase  the  S  value  of  the  composite.  Finally,  the  degree  of  cross-linking 
is  extremely  important  since  it  effects  both  D  and  S.  The  degree  of 
cross-linking  is  determined  by  both  the  number  of  unsaturated  sites  present, 
which  is  controlled  by  amterial  selection,  and  the  number  that  actually  form 
which  depends  on  the  degree  of  cure.  A  highly  cross-linked  resin  will  have 
few  open  sites  available  for  water  molecules  (low  S)  and  it  will  be  more 
difficult  to  move  them  from  one  site  to  another  through  the  rigid  network  (low 
P).  This  will  give  ease  IV  on  Figure  2.  If  the  same  polymer  is  imdercured  it 
will  have  a  more  open  structure  and  higher  values  of  S  and  D  value.  Hence  a 
dlffa'enoe  in  cure  during  manufacture  of  laminates  using  the  same  resin  will 
alter  the  water  transport  properties  dramatically. 
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Figure  2.  Water  concentration  In  hull  material  at  various 
times  for  different  polyester  properties. 
Constructed  from  computer  model 1 no  of  the  polyester 
water  system.  Temperature  remains  fixed  at  72*F 
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In  Figure  2,  ve  have  considered  only  a  single  Material  for  the  hull 
Xaninate.  .dace  tie  add  a  gel  coat  to  the  hull,  a  Multiple  layer  model  must  be 
used.  Figure  3  shows  the  effect  of  a  gel  coat  on  the  water  concentration 
gradients.  Several  things  become  obvious.  In  many  cases,  (c,d,e,g,h,  etc.}, 
there  Is  a  discontinuity  in  water  content  at  the  gel  coat  laminate  Interface. 
If  a  discontinuity  does  not  exist,  a  change  in  gradient  will  exist  except  in 
the  oases  where  the  gel  coat  and  laminate  have  the  same  resin  base  (a,f,k,p}. 

The  amount  of  water  present  at  any  given  spot  causes  swelling  of  the 
polymer.  The  water  molecule  in  the  site  pushes  apart  the  resin  and  stresses 
the  network  bonds.  Our  measurements,  and  literature  values  show  the  resin  can 
swell  as  much  as  10  percent  by  volume  and  this,  again,  is  greatly  affected  by 
the  degree  of  cross-linking  (18).  Stresses  are  generated  by  differential 
swelling.  If  the  entire  hull  swells  uniformly,  no  stress  will  result. 
However,  if  one  layer  swells  and  the  adjacent  layer  doesn't  swell,  but  is 
bonded  to  the  first  through  the  polymer  network,  the  adjacent  layer  will  be 
pulled  apart  (put  in  tension)  by  swelled  layer.  The  level  of  streas  that  la 
generated  will  be  determined  by  the  water  gradient,  (and  discontinuities)  and 
not  by  the  absolute  water  present.  The  lowest  gradients  during  diffusion  will 
be  related  to  low  S  values  and  high  D  values  as  in  case  111  cf  Figure  2,  where 
not  much  water  gets  in  and  it  moves  quickly.  The  worst  case  for  stress 
buildup  will  occur  in  cases  II  where  lots  of  water  is  absorbed  (high  S)  and  it 
moves,  very  slowly  (low  D),  therefore  keeping  the  polymer  stressed  for 

prolonged  periods.  Several  experiments  have  shown  that  orthophthalic  resin 

$ 

are  of  this  type.  When  combining  the  gel  coat  and  the  resin,  and  assuming  the 
two  have  about  the  same  flexibility  (stiffness  or  modulus),  the  worst  cases 
for  stress  are  where  there  are  large  atep  down  discontinuity  at  the  interface 
which  produce  high  stress.  Once  the  stress  exceeds  the  failure  strength  of 


Water  concentration  gradient  In  gel  coat 


polyner*  the  step  down  discontinuity  at  the  interface  produces  high  stress 
mA  tana  stress  cracks,  also  known  as  disk  cracks  and  penny  cracks.  Figure  ^ 
shows  the  relationship  between  water  absorpti(m  and  stress  bulld*'Up.  Figure  5 
is  a  idiotograi^  of  disk  cracks  fomed  in  a  resin. 

Kote  that  the  saxlmua  in  tension  lies  tmder  the  surface  and  ahead  of  the 
diffusing  water  front.  The  stress  is  transient.  The  saxiaum  tension  will 
aove  inward  and  decrease  in  aagnltude  as  water  diffuses.  If  the  resin  lets  high 
strength  (well  cured,  highly  cross'-linked,  reinforced  with  glass)  it  can 
survive  the  stress  and  not  crack.  If  cracking  does  take  place,  the  disk  crack 
constitutes  a  vacuus.  Any  local  VSM  will  be  drawn  toward  the  freshly  opmed 
crack  to  increase  the  pressure.  This  is  a  mechaniss  for  concentration  of  WSH 
units  in  the  vicinity  of  the  crack.  Figure  6  shows  a  localized  concentration 
of  cobalt  around  a  disk  crack.  Our  conclusion  is  that  stress  cracks  can 
create  blister  centers. 

The  stress  build-up  can  also  have  an  effect  on  water  transport  and  say 
lead  to  non-ficklan  diffusion.  As  the  result  network  goes  into  tension,  the 
free  sites  are  opened  and  water  can  move  into  the  zone  faster  than  predicted 
by  Pick* 3  Law.  This  can  lead  to  a  diffusion  profile  with  a  sudden  drop  which 
is  characteristic  of  an  advancing  precipitous  water  front.  To  establish  the 
shape  of  the  water  profile,  water  concentration  seasurements  at  different 
depths  at  given  times  must  be  measured. 

As  water  moves  through  the  resins,  air  bubbles  which  are  always  present  do 
not  fill  up  with  water.  The  water  content  in  the  air  undoubtedly  increases 
but  there  Is  no  chemical  driving  force  to  create  a  liquid  phase  In  the  bubble. 
He  have  observed  this  lack  of  water  in  the  bubbles  repeatedly.  While  water 
diffusion  does  not  cause  blistering,  it  Is  the  first  step  in  leading  to  the 
sequence  of  events  which  result  in  blisters. 


TENSILE  “  COMPRESSIVE 

STRESS  i  STRESS  • 


Ficure  6.  Micrograph  of  a  disk  crack  surrounded  by  a  purple 
halo,  which  Is  caused  by  a  hloh  cobalt  concen¬ 
tration.  The  cobalt  fr«n  the  promoter  salts  was 
drawn  Into  the  vacuum  associated  with  newly 
opened  disk  cracks. 
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MwiXtatlw  of  Bllstftra 


T&e  next  step  in  blist«*  formatlOT  is  the  reactlcm  of  the  diffusing  uat«* 
with  s  cluster  of  WSf  units  to  fono  a  droplet  of  soluti<ni.  The  inplioation  is 
that  in  order  to  form  a  blister,  many  VSM  units  must  be  concentrated  in  ore 
spot.  VSK  evenly  dispersed  in  a  polymer  network  will  interact  with  water 
molecules  but  once  a  shell  of  water  molecules  has  surrounded  the  W94,  this 
hydration  ocmplex  can  not  move  through  the  polymer  network.  To  form  a 
solution  many  VSH  units  must  be  present  at  one  place  before  the  water 
molecules  arrive  by  diffusion. 

Table  1  lists  the  constituents  in  a  resin  which  can  play  the  role  of  WSM. 
How  they  become  concentrated  at  a  given  spot  must  now  be  considered*  Ways 
included  undercurir.g,  poOT  mixing  of  additives,  contamination  of  reinforcement 
materials  etc.  Underourlng  either  by  not  using  enough  catalyst  or  prcH&oter, 
by  using  the  Inappropriate  catalyst  or  praaoter  or  by  not  achieving  adequate 
cure  temperature  can  produce  regions  in  the  polymer  filled  with  glycol 
terminated  polyester  units  not  bound  into  the  network.  These  units  can  react 
with  water  to  form  the  solution  droplet  which  leads  to  blistering. 

Poor  mixing  of  the  catalyst  materials  with  the  resin  can  also  produce 
regions  of  undercure.  Either  because  of  poor  mixing  in  a  "hot  pot"  system  or 
malfimctloning  or  misuse  of  a  spray  gun,  a  resin  can  contain  tones  in  which 
the  catalyst  is  highly  concentrated  and  zones  in  which  it  is  undarooncentrated. 
Both  si tea  can  nucleate  blisters. 

A  third  mechanism  of  WSH  concentration  ia  related  to  the  stress  cracks 
discussed  mbove.  Uhen  the  disk  crack  opens,  a  vacuum  is  created  within  the 
crack.  VSH  units  uniformly  dispersed  in  the  surrounding  network  are  drawn 
into  the  open  crack.  As  the  water  molecules  arrive  at  the  crack,  they  are 


draun  into  the  crack  by  the  low  pressure  inside  the  crack.  Water  reaction 
Cl^dratKm)  with  the  mm  concentrated  WSM  (h'eate  a  solution.  This  is  shown  in 
Figure  6.  The  purple  color  is  caused  by  cobalt  enrichaent  inside  the  .disk 
orack.  Figure  7  shtms  a  blister  which  was  nucleated  at  a  disk  crack  and  grew 
by  ojw&otic  cracking  of  the  resin. 

The  aobility  of  the  WSM  units  through  the  polyaer  network  is  extrmely 
Isportant  in  deteralning  its  role  in  the  blistering  process.  The  aobility  is 
deterained  by  the  size  of  the  WSM  unit,  the  size  of  the  spaces  in  the  network 
and  the  strmigth  of  the  polar  forces  between  the  network  and  the  W^.  If  the 
unit  is  highly  mobile,  it  cannot  cause  blisters.  Osmotic  pressure  can  only  be 
genm'ated  in  the  presence  of  a  sani-'pemeable  aenbrane  which  is  one  that  will 
allow  water  to  diffuse  inward  but  will  not  allow  WSM  to  diffuse  outward. 
Movesent  of  species  in  a  polymer  is  controlled  by  concentration  differences. 
Movement  is  always  from  the  hig^i  concentration  zone  to  the  low  concentration 
zone.  The  aoveaent  is  often  facilitated  by  water  molecules  since  they  break 
the  bonds  between  the  network  and  the  WSH  units.  If  a  region  of  WSM 
concentration  exists  and  begins  to  react  with  diffusing  water  to  form  a 
solution,  osmotic  pressure  will  not  build  if  the  units  can  move  throu^  the 
polymer  network  and  diffuse  into  the  water  surrounding  the  polymer.  This 
process  is  known  as  leaching  and  will  prevent  blistering.  The  results  of  one 
of  our  weight  change  experiments  is  shown  in  Figure  8.  The  loss  of  weight 
after  600  hours  is  the  result  of  leaching  of  WSM  material  from  the  polymer 
network.  We  have  also  identified  materials  in  the  test  tank  water  which  are 
leached  from  the  polyaer  network.  A  polymer  can  contain  some  leachable  units 
and  still  blister  if  other  WS4  cannot  be  leached.  If  all  WSH  can  be  leached, 
the  network,  while  blister  resistant,  may  be  so  poorly  cross-linked  that 


Fioure  7.  Scanninq  electron  mlcroqraph  of  a  blister  under 
a  qel  coat  showinq  the  interaction  of  the 
qrowinq  blister  with  stress  cracks.  The  white 
phase  is  a  qlass  fiber.  The  circles  are  air 
bubbles.  Gray  phase  is  resin.  Black  reqions  are 
the  blister  and  the  stress  cracks.  Rel  coat  is 
seen  above  the  blister. 


7*19.  8.  Observed  net  weight  changes  for  typical 
polyester  composites.  Samples  were 
exposed  to  65^  distilled  water  on  all 
surfaces. 
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excessive  water  absorbtion  nay  Cetericx'ate  the  polymer  network  after  prolonged 
exposin'e^  • 

Vhen  water  nolecules  encounter  VSM  molecules  (or  ions)  there  are  five 
interactions  that  may  occur.  They  are  association,  hydration,  solvation, 
ionization  and  reaction.  The  chemistry  of  the  VSM  molecules,  that  is,  the 
atoos  that  make  thoa  up  and  the  way  they  are  bonded  togeth^,  determines  which 
of  the  interactions  occur.  If  a  molecule  such  as  styrene,  which  is 
essentially  insoluble  in  water,  occupies  a  space  in  the  network  and  a  water 
molecule  enters  that  space,  the  two  will  coexist  in  association.  Hydration 
will  take  place  if  the  molecule  forms  polar  interactions  (weak  bonds)  with  the 
water  molecule.  A  shell  of  water  molecules  will  build  up  around  the  WSM.  The 
number  of  water  molecules  will  range  from  4  to  as  many  as  necessary  to 
complete  the  shell  which  in  turn  depends  on  the  size  of  the  HSK,  the  space 
available  in  the  network  and  the  ease  with  which  the  polymer  network  can  be 
pushed  aside.  This  swelling  is  a  function  of  how  tightly  the  resin  is 
cross-linked.  Solvation  takes  place  when  the  water  molecules  continue  to 
build  shells  around  the  WSM  until  a  small  droplet  of  liquid  is  formed  and  the 
WSM  is  free  to  move  within  the  new  solution  droplet.  This  depends  on  the 
affinity  of  the  WSM  for  water.  The  fourth  interaction  is  ionization.  If  WSM 
units  contain  charged  atoms  (ions)  in  its  structure,  the  water  molecules 
can  separate  the  positively  charged  units  from  the  negatively  charged  units. 
Cobalt  ion  (CO*'^}  bound  to  an  octoate  molecule  can  be  separted  so  that  the 
solution  becomes  an  electrolyte  which  is  a  solution  that  can  carry  charged 
particles.  The  most  common  and  potentially  dangerous  to  the  resin  network  is 
the  ionization  of  an  acid.  The  hydrogen  proton  (H"^)  is  separated  from  the 
rest  of  the  W^  molecule  and  is  now  free  to  move  and  attack  the  resin  network. 
Finally,  chemical  reaction  may  occur.  The  water  molecule  causes  a  break  in 
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chenioal  bonds  in  th«  MSH  and  a  new  nolecule  (or  two)  forms,  with  the  water 
noleoules .  now  built  into  it<  This  reaction-formed  VfSM  can  either  form 
tqrdrates  or  solvates. 

Association  and  hydration  result  in  water  pickup  by  the  resin  and  swelling 
but  not  oaootio  pressure.  Solvation  reaction  plus  solvation  can  result  in 
osmotic  pressure.  One  WSM  unit  in  a  droplet  of  solution  will  not  cause 
osmosis  because  the  single  unit  creates  a  very  dilute  solution  which  does  not 
require  more  water  to  lower  the  solution  concentration.  If,  however,  a 
cluster  of  water  soluble  WSH  units  are  present  in  one  area,  the  water 

molecules  will  form  a  concentrated  at^ution.  The  concentration  of  sea  water 

% 

is  roughly  one  HSH  unit  (soditma  or  chloride  ion)  per  100  water  molecules.  If 
the  first  drop  of  blister  fluid  that  forms  has  4  WSM  units  fcs'  each  100  water 
molecules,  the  laws  of  chemical  equilibrium  demand  that  the  two  solutions 
become  equal  in  concentration.  If  the  ViSM  cannot  diffuse  through  the  network, 
300  more  water  molecules  will  be  drawn  by  osmosis  into  the  blister  solution. 
Now  a  space  problon  exists  since  there  is  not  room  for  the  300  molecules.  The 
demand  for  chemioal  equilibria  still  exists  and  those  drawn  in  molecules  begin 
to  build  an  osmotic  pressure,  pushing  in  all  directions  against  the  polymer 
network,  and  setting  the  stage  for  blister  growth. 

Table  2  lists  the  materials  (WSM)  which  have  been  found  In  boat  blister 
liquids  (3,5,19).  The  acids,  phthalic,  acetic  and  maleic,  contribute  to  the 
acidity  of  the  blister  solutions.  All  blister  fluids,  with  the  exception  of 

the  fluid  in  small  coating  blisters  which  form  between  gel  coats  and  paint 

1 

layers,  are  acidic  and  with  age  approach  of  pH  of  3,  which  indicates  that  it 
is  a  corrosive  acid. 


Blister  Growth 


Table  2 


MSH  S^pedes  aid  Ccnoerilz^itdon  Identa'lect  in  HListar  Scdvdcns  aifid 
,  Baealde  Sauro»  cf  I3t5ii9}. 


BSiative  JkDOunt 

Source 

Pb^  Size 

8Dle3/GB6xlO~2 
<r  Fpn 

Ojeoil 

Ihreacted  i^^rting  naterial; 

1.2  iro|iyj<ene 

very  Largs 

3.6-3.6 

Oegradd^ian  product 

fildivlane 

vay  aaail 

1. 4-6.6 

RfttiaUc  Acid 

(ppt  out  as  white 

solid} 

Uireacted  starting  material; 
Oegradaticn  product. 

Stjnrene 

Ealrly  Large 

o.oi8^.oy6 

Ureacted  cross-linking  monoBier 

BaozOdaiyde 

HadiUD 

0.2U-0.61 

Deociqposttian  product  of 

Styrene  msnomer  in  air;  hydrolysis 
(If)  product  of  Styrene 

Acetic  Acid 

Median 

{H).76 

Polyvinyl  acetate 
vgiass  binder  or  size) 

Acetone 

Solvent 

Hstlvl  etbyl  Ketone 

Hadiun 

Initiator 

Tculene 

Very  Snail 

^ipurity  in  Styrene  Hcncoer 

Xyiene 

Minute 

If 

Etivi  Benzene 

Very  Snail 

n 

Benzene 

Very  Snail 

n 

Sodiuo 

15-JJ5QPPB 

Fillers;  fiberglass 

Botaasiun 

56-67QP!3m 

«  »  cr  pfxoc^ 

Calciun 

1350-7600ppa 

IT  t1 

MaewsiuD 

100-2000ppn 

n  w 

Zinc 

50-129PPDI 

Promter 

Aluninn 

l|26-265Clppn 

Fillers;  fiberglass; 
fire  retardant 

Iron 

SO-iSOppm 

Fillers 

Cobalt 

110-21  Oppn 

Prxacter 

CoDoa* 

fjr2S>  ppn 

Rncmoter 

As  statsii  sbove*  once  the  acidic  blister  solution  has  been  f<»fined  and 

osB^tio  ]^*«88ure  develops,  a  unlfona  force  Is  applied  to  the  surrounding  resin 

as  shown  In  Figure  9.  The  network  bonds  around  the  growing  solution  are 

stretched  in  tension  and,  in  that  activated  state,  are  subject  to  attack  at 

the  ester  linkages  by  protons  (H*)  in  the  solution.  breaking  these  bonds, 

a  a?ack  begins  to  grow  froo  the  droplet  outward.  This  crack  will  grow  in  the 

direction  of  lowest  strength  of  the  composite.  The  lowest  strength  directican 

is  perpendicular  to  the  reinforcing  glass  fibers  -  the  one  direction  that  is 

not  reinforced.  The  ester  attack,  which  is  known  as  chain  scission  because 

the  network  chains  are  cut,  releases  a  unit  from  the  network  structure  into 

the  blister  8C?.utlon.  hence  a  glycol,  a  phthalic  acid  or  a  fumaric  acid 

leaves  the  network  and  becomes  WSM  in  the  solution  and  thereby  increases  the 

concentration  of  the  blister  solution.  Cracking  releases  the  strss  on  the 

polymer  network,  but  at  the  same  time  exposes  fresh  resin  to  attack.  The 

material  formed  increases  the  concentration  of  WSM  units  thus  deamnding  more 

water  molecules  in  the  solution.  More  water  is  added  and  osmotic  pressure 

builds  again  until  the  resin  cracks  again.  As  the  crack  grows,  more  and  sore 

resin  is  exposed  to  the  acidic  liquid  and  more  acid  attack  (protonation  or 

chain  scission)  takes  place.  This  process  causes  the  top  of  the  blister  to  be 

raised  pushing  the  gel  coat  outward  forming  a  blister  on  the  gel  coat  surface. 

Mote  that,  once  started,  the  process  is  self-perpetuating,  iisser.tially, 

blistering  is  a  form  of  environmental  stress  attack  which  is  the  moat  severe 

attack  to  which  a  polymer  can  be  exposed  (20).  Microhardness  tests,  which  ws 
*  /' 
oerformed  bn  resin  adjacent  to  blister  pockets,  show  a  deterioration  of  the 

strength  of  the  polymer.  Indeed,  around  several  blisters,  there  was  a  zone  of 

spunky'*  resin  irtiich  had  no  strength  at  all.  This  is  due  to  prolonged  attack 

of  the  ester  linkages  which  breakup  the  network  cross-linking  so  that  the 


UNSTRENQTHENEO  DIRECTION 


r«8in  b«c<MBes  dissolved  in  the  blister  fluid.  Figure  10  shows  a  cross-sectlcai 

of  a  tdistw  taken  under  the  nioroscope.  The  darkened  resin  at  the  crack  tip 

\. 

and  in  areas  adjacent  to  the  blister  show  evidence  of  polymer  deterK^ation. 
It  is  trarth  noting  that  a  glass  chopping  spray  gun  may  have  an  advantage  over 
chopped  strand  aat  or  woven  roving.  The  advantage  is  that  not  ail  of  the 
reinf<»*ceaent  lies  parallel  to  t'.ie  surface.  Fibers  at  an  angle  to  the  surface 
give  some  reinforcing  strength  (and  therefore  resistance  to  blister  growth)  in 
the  direction  in  which  blisters  grow.  Unfortunately,  our  studies  show  that 
most  chopper  gun  roving  has  more  soluble  binders  than  other  types  of 
reinf{H*eement. 

Some  blisters  crack  the  overlying  gel  coat  if  the  gel  coat  has  low 
flexibility.  When  this  happens,  the  blister  solution  mixes  with  the  water 
from  outside  the  hull  and  dilutes  the  blister  solution.  Then  the  sequences  of 
water  diffusicxi,  interaction  with  and  nucleation  of  a  blister  at  a  deeper 
level  can  begin  again  unless  the  resin  beneath  the  ruptured  blister  is  so 
porous  that  WSH  is  leached  out  the  resin.  In  this  case,  reblistering  will  not 
occur,  but  water  take-up  by  the  hull  may  be  excessive. 

If  the  blister  does  not  rupture  the  gel  coat,  can  a  second  generation  of 
blisters  form  (perhaps  many  years  later)  at  a  deeper  site  in  the  hull?  We 
have  seen  blisters  in  a  single  hull  cross-section  at  several  different  depths 
In  the  hull. 

All  of  our  evidence  to  date  indicate  that  blistering  is  continuous  if 
concentrations  exist  through  the  hull.  Sooner  or  later,  depending  on  water 
permeation  rates  and  the  length  of  time  the  boat  remains  in  the  water, 
blisters  will  form  at  deeper  levels  as  the  near  surface  ones  continue  to  grow. 
Vote  that  if  the  WSH  materials  is  concentated  at  a  particular  depth  (Just 
below  the  gel  coat,  for  Instance)  then  this  would  be  the  only  level  at  which 


Cross-section  of  blister  showino  crack  cro^h  and 
■  deterioration  of  polyner  at  crack  tip  ant.  the 
surface  exposed  to  the  blister  solution. 

Lennth  of  the  blister  Is  one  Inch. 


FI cure  10 


sl^rt  t«m  blisters  will  form  in  the  hull.  3ittilarly»  if  any  other  setdtanim 
omojCmtarstM  WSK  at  a  iparticular  level,  blistering  will  take  place  at  that 
level. 

I^)ng  Term  Deterioration 

If  the  strength  of  a  polyester /glass  composite  is  measuurect  after  soaking 
in  water  few*  prolonged  periods,  the  strength  falls  as  water  diffuses  into  the 
material.  Figure  11  shows  the  strengtlr-tiae  curve  for  a  polyester.  This  loss 
of  strength  t^es  place  without  blist^  f (^raation  (21 } . 

Th«*e  are  several  mechanisms  which  account  for  the  strength  loss.  Vater 
diffusing  into  the  free  space  of  the  polymer  aots  as  a  plasticizer.  This 
Mans  that  the  water  molecules  abs<»‘b  on  the  polymer  network  chains  and  break 
the  polar  fcM'ces  betweed  units  of  the  network.  Thus  as  the  polymer  swells  the 
network  becomes  less  rigid  and  will  deform  at  a  lower  stress. 

Ester  linkage  attack,  chain  scission,  is  the  second  meehaniaa  that  lowers 
strength.  As  water  molecules  diffuse  inward  they  interact  with  VSM  units  to 
ionize  sold  groups.  The  polymer  swells  and  the  bonda  in  the  network  are 
stressed.  The  ester  linkages  Joining  the  acid  and  glycol  units  are  then 
subject  to  attack  by  the  protons  and  network  bonds  break  causing  strength 
to  decrease. 

Hydrolysis  and  leaching  of  WSM  can  also  reduce  strength.  Some  of  the  HSM 
units  are  attracted  by  polar  forcea  to  the  polymer  network  chains,  the  HSM 
units  acts  as  a  weak  crc^s-link  between  chains.  When  these  are  hydrolyzed  and 

I 

leached  the  network  is  weakened.  Side  groups,  clusters  of  atoms  that  are 
bonded  at  one  site  to  netw(w*k  chains,  prevent  network  motion  because  of  their 
bulk.  If  these  are  removed,  the  chain  can  slip  when  stress  is  applied.  This 
reduces  strength. 


Strenoth  of  degradation  of  Iso  and  ortho  polyester 
glass  laminate  as  a  function  of  soaking  time  In 
ifliter  at  3CrC  (after  Hormood  (721)). 


2b  BrBer  for  the  glass  to  reinfort^  t!is  poi]mor  netw(»*k,  the  glass 

aiiaMtax»  sHist  txm^  to  the  netirttrk.  this  is  aoooaplished  vlth  coupling  agents  ~ 
idUch  are  araleoules  txMnd  on  one  end  to  the  glass  and  at  the  other  end  to 

1^  If  these  aolecules  interact  with  eater,  the  coupling  bonds  can 

be  broken.  Mhen  stress  is  applied  to  the  composite,  Inatead  of  the  force 
being  transf«^ed  from  the  network  to  the  rigid  glass,  the  polj^er  can  slip 
past  the  glass,  also  weakens  the  composite. 

The  formation  of  hydrogel  zones  is  a  type  of  localized  solvation. 
Clusters  of  water  molecules  become  acidic  by  breaking  netwcn^k  bonds.  This 
opens  the  zone  to  more  water  ingress  and  large  units  of  the  network  break  off 
and  become  surrounded  by  water.  Vlth  time,  a  zone  of  hydrogel  forms  in  the 
netwo'k.  This  unit  has  no  strength  and  defc^rms  freely  under  applied  stress. 

In  a  composite  which  blisters,  all  of  the  strength  limiting 
processes*plasticization,  chain  scission,  leaching,  glass  dehonding  and 
hydrogel  formation  -  take  place  adjacent  to  the  blistmr.  In  addition  to  these 
processes,  blisters  weaken  composites  by  acting  as  internal  streas 
concentration.  Any  crack  in  a  material  has  the  effect  of  Intensifying  an 
applied  stress  at  the  tip  of  the  crack.  The  degree  of  concentration  of  the 
stress  depends  on  the  crack  length  and  the  radius  of  the  crack  tip.  If  a 
stress  on  a  hull  is  produced  by  wave  action  or  sail  stays  and  is  5000  pound 
per  square  inch,  the  stress  at  the  tip  of  a  crack  can  be  50,000  psi  if  the 
stress  concentration  factor,  K,  is  10.  A  K  value  of  12  was  calculated  for  the 
blister  shown  in  Figure  10. 

Applied  stresses  concentrated  at  blister  edges  will  lead  to  propagation  of 
(sraoks  from  the  blisters  out  into  the  laminate.  As  this  type  of  delamination 
occurs,  blister  fluid  will  flow  into  the  open  delaaination  crack  and  begin  to 


with  the  rr«ihly  exposed  reals,  building  o^otio  pressure  and  settii^  .. 
the  stai^  tcsr  further  delamination. 

Again,  all  of  the  strength  deteriorating  processes  are  both  temperature 
and  ianorsion  tli^  dependent.  Blister-free  polyester/glaas  composite  boats 
that  are  thirty  years  old  are  frequently  en(M>untered.  Kith  a  more  complete 
understanding  of  the  blistering  process,  all  fiber  glass  boats  could  be 
ocmstrueted  so  that  blistering  will  be  minlaiaed. 
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Exp«riaental  Procedures  &  Reaulta 


BIist<a*  RaststaufKse 

In  order  to  decide  which  ooeneroially  available  materials  are  beat  for 
iuill  iB&nufacture  and  vhitdi  paraaetera  reduce  bliater  susceptibility,  a  variety 
of  test  speciB^sa  were  made  and  tested  during  this  study.  Some  w^e  sade  from 
pure  resins,  others  were  fiber  glass  reinforceo  resin  while  most  were  gel 
coated  fiber  glass  reinfcnrced  laminates.  All  of  the  panels  were  made  by  hand 
layup  techniques,  using  either  trushed  and  sprayed  resins,  following  standard 
manufacturing  techniques.  The  typical  panel,  made  on  a  waxed  glass  mold,  was 
2*x2*xl/b*'.  Table  3  lists  the  materials  used  and  specifies  a  number  for  each 
material.  In  most  samples,  polymerization  was  initiated  using  methyl  ethyl 
ketone  peroxide  acccx'ding  to  manufacturer's  instructions.  One  set  of  samples 


was  initiated  with  BR). 


Typically,  20  ails  of  gel  coat  containing  2%  MEKP  was  applied  to  a  waxed 
glass  surface  and  allowed  to  set  for  a  specified  period  of  time.  A  glass  mat 
was  applied  to  the  tacky  surface  and  the  resin  was  rolled  into  it  using  a 
teflon  roller  to  provide  a  resin  rich  layer.  Three  layers  of  woven  roving 
were  then  applied  with  resin  being  rolled  into  each  layer  before  the  next  one 
was  added.  The  samples  w^s  cured  to  a  constant  barcol  reading  or  for  about  3 
weeks  before  immersion  in  the  test  baths.  Although  certain  experiments, 
testing  the  effects  of  lay-up  variables,  demanded  departure  from  this 
procediB'e,  the  above  procedure  was  used,  unless  otherwise  stated. 

Wien  samples  are  placed  in  the  water  baths  some  delayed  postcure  may  take 

i 

place  at  bhe  elevated  water  temperature.  Much  of  the  literature  data 
available  on  composites  was  gathered  on  samples  which  were  Initially  postcured 
at  90-100oc  (200°?)  for  1-A  hours.  This  is  unfortunate  since  the  materials 
tested  are  decidedly  different  from  boat  building  materials  which  are  cured  at 
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Table  3 


ChejBlcai  Composition  of  Polyester  Gel  Coat  and 
Laminating  Resins. 

iStars  designate  presence  of  constituent  in  material) 

GEL  COATS 


MATERIAL 

SUPPLIER 


IPA  (HPGj 


OPA  (NPG; 


VINYL 


MATERIAL 

SUPPLIER 


LAMINATING  RESINS 


IPA 


OPA 


NPG 


EG 


PC 


TMPD 


1 

« 

«  « 

2 

« 

3 

« 

« 

4 

« 

5 

* 

« 

IPA  - 

ISOPHTHALIC  ACID 

PG  -  PROPYLENE  GLYCOL 

OPA 

ORTHOPHTHALIC  ACID 

VINYL  -  URETHANE  BASED  POLYESTER 

hPG 

NEOPENTYL  GLYCOL 

RESIN 

EG  - 

ETHYLENE  GLYCOL 

TMPD  -  2,2,*(  ■  TRiMETHYu  -  1,3 

PENTANE  DIOL 

1  . 

FIBER 

3/A  oz.  Mat 

CLASS 

REINFORCEMENT 

2. 

1  1/2  02.  Mat 

• 

3. 

2A  oz .  woven 

roving 

A. 

j  20$  by  weignt 

chopped  gun  roving  (.1  1/2  oz.  strand) 

5. 

Nylon  stitched  fab 

mat . 
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ambient  teaperature.  In  our  experlQ^rtts*  the  samplee  were  cured  under  ambient 
ocmditione*  Ho  elevated  teaperature  postcures  were  made.  Most  samples  were 
made  and  postcured  at  room  teaperature  but  a  series  of  panels  were  made  and 
postcured  at  50»  75t  90  100<F  to  test  the  effects  of  -manufacturing 
teaperature. 

Samples  were  tested  for  blister  resistance  by  immersion  in  a  65<C 
(lH9<r)*<C(2<F)  circulating  water  bath  which  is  shown  In  Figure  12.  Some 
samples  received  two  sided  exposure  by  direct  immersion  in  the  bath  while 
other  smples  were  exposed  only  on  the  gel  coat  side.  Figure  13  shows  the 
aerylio  sample  holders  which  were  designed  for  one  sided  exposure.  These 
tanks  have  the  specified  advantage,  over  the  one  sided  sample  holders,  that 
one  set  of  samples  can  be  removed  and  studied  without  interupting  the  other 
tests  that  are  in  progress.  Samples  were  removed,  examined  for  blister 
initiation,  blister  size  and  extent  of  blistering,  on  a  routine  basis.  Some 
samples  were  weighed  to  observe  weight  changes. 

The  data  on  sample  construction,  blister  initiation  time  and  blister 
severity  are  listed  in  Table  The  construction  of  the  panel  is  given  In 
coliimn  2.  The  numbers  indicates  gel  coat  resin,  laminating  resin,  type  glass 
used  in  resin  rich  area,  type  glass  used  in  back-up  laminate,  respectively. 
For  example  <<-3-1-3  indicates  a  vinyl  gel  coat  on  a  PC  orthophthalic  laminate 
made  with  a  transition  layer  containing  a  3/<<  oz.  mat  and  then  3  layers  of  24 
02.  woven  roving. 

A  number  of  subsets  of  experiments  were  included  in  this  research.  This 
included  procedures  to  determine  the  severity  of  blistering  by  counting  the 
number  of  blisters  per  square  centimeter  using  an  oblique  light  to  cast 
shadows  and  by  estimating  the  fraction  of  the  area  that  was  covered.  Data  for 
a  series  of  panels,  with  different  combinations  of  resins,  were  followed  for  a 


Floure  12.  Isothemal  baths  used  In  the  study  oj . 

water  interactions.  These  baths  contain  distilled 

water  at  65*C. 


Figure  Is.  Acrylic  test  tank  designed  for  single 
side  exposure  of  the  laminates  with 
the  65®C  distilled  water.  The  white 
sheets  represent  laminates  prepared 
using  lab  techniques. 
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1  aonth.  Tb«»e  sastpl«8  received  two  sided  exposure  by  direct  iaattrsion  in  the 
hsUi*  Anothfo*  set  involving  layup  and  post  curing  at  different  teaperatures 
received  1  sided  exposure  using  the  saaple  holders.  The  blister  initiation 
tiae  and  severity  at  one  month  Tor  both  of  these  sets  are  given  in  Table  5. 

Series  1-57  panels  were  made  using  a  spray  gun.  construction  and  results 
are  listed  in  Table  A  variety  of  designs  were  used  for  the  resin  rich 
layers  between  the  gel  coat  and  the  laminate.  For  instance,  the  resin  rich 
layer  of  saaple  1-57a  had  1  layer  of  3/4  oz.  mat,  then  2  layers  containing  20]( 
chopped  gun  roving.  This  was  backed  with  three  alternate  layers  of  1  1/2  oz. 
mat  and  24  oz.  roving. 

Series  0,  which  primarily  tested  gel  coats  from  three  different  suppliers, 
also  was  laid-up  using  spray  guns  and  had  a  1  /2  mil  colored  marker  layer  of 
gel  coat  resin  between  the  gel  coat  and  the  laminate.  No  other  resin  rit^ 
layer  was  used.  Nylon  stitched  fab  mat.  was  used  in  the  laminate  layers.  The 
resins  were  BPo  promoted.  The  laminate  construction  and  the  results  are 
listed  in  Table  4. 

Net  Weight  Change  Experiments 

The  change  in  weight  was  determined  for  selected  samples  on  a  routine 
basis.  These  samples  were  removed  from  the  bath,  dried,  and  weighted  to  the 
nearest  0.0001  grams  on  a  electronic  balance.  The  samples,  then,  were 
returned  to  the  bath.  The  results  are  given  in  Table  6.  Variations  in 
weight  loss  for  selected  samples  are  plotted  in  Figures  14-20. 
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Figure  14.  Effect  of  immersion  time  on  weight  of  gel  coat. 
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Floure  1!>.  Fffect  of  Immersion  time  on  welciht  of  oel  coats. 
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Fitiure  16.  Effect  of  Inneirslon  time  on  welciht  of  gel  coats. 
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Figure  20  Percent  weight  gain  for  96  Series. 


Studies 


l^e  raid  at  water  ia  tranaferred  throu^  an  isophthalio  gel-coat  was 
d^eralnad  aa  follcws.  A  thin  section  of  gel  coat  was  placed  into  a  diffusion 
apparatus  which  allows  water  to  diffuse  through  the  section.  One  surface  of 
the  gel  coat  was  in  constant  contact  with  the  distilled  water,  while  the 
opposite  surface  was  exposed  to  surrounding  conditions.  To  obtain  a  knowledge 
on  the  largest  possible  permeation  rate,  this  apparatus  was  placed  in  a 
dessioator  containing  calcium  chlcnride.  This  envircwment  is  virtually  water 
free,  allowing  for  very  little  resistance  to  mass  transfer  within  the  air 
(i.e.  resistance  to  water  movement  within  the  gel  coat  is  controlling). 


The  following  data  was  used  in  the  calculation  of  the  water  permeation 


rate. 

1.  Exposed  surface  area  11.  cm2 

« . 

2.  Thickness  0.07  cm  <26  mils) 

3.  Mass  and  time  data  for  the  sample 

A  rate  of  1.087  x  10"^  g  HgO/hr  was  determined  as  the  steady  state  value 
of  permeation  for  an  NPG  isophthalic  gel  coat  resin.  Steady  state  water 
permeation  was  obtained  in  approximately  300  hours.  From  this  permeation  rate 
a  flux  of  water  (J)  was  determined  to  be  9.535x10~^g  HgO/cmS/hr,  which 
corresponds  to  a  normalized  flux  (Jx  thlckness/1  cm)  of  6. 67^5x1 0'^  gm 
K20xcm/cm^.hr. 

As  expressed  earlier,  this  is  the  largest  flux  attainable  through  this 
particular  gel  coat  (ISO-NPG).  An  interesting  observation  can  be  seen  from 
these  results.  It  would  take  roughly  three  months  to  pass  one  cup  of  water 
through  a  1  square  foot  section  of  a  20  mil  ISO'NPG  gel  coat. 
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Exofchftna  Experiment 

Th«  pt»*p08«  of  these  experiments  was  to  observe  the  temperature  change 
(luring  the  polymerization  (erosslinking)  reaction  of  HEKP  catalyzed 
polyester-resin. 

The  free  radical  reaction  causes  the  conversion  of  double  bonds  to 
cross-linked  single  bonds.  The  chemical  reactions  give  off  heat  (exotherm) 
whioh  is  related  to  the  number  of  (h'osallnked  sites.  We  expected  to  observe 
large  temperature  increases  in  the  peroxide  Initiated  polyester  resin  systems, 
as  suggested  both  in  the  literature  (22)  and  in  reports  from  people  in  the 
in(tustry. 

We  performed  several  tests  curing  with  2$  MEKP  at  ambient  temperatures. 
Thermocouples  were  used  to  measure  the  temperature  changes  within  the  curing 
laminate,  the  result  are  given  in  Table  7  and  plotted  in  Figure  21 . 

Mr  Inhibition  Studies 

A  series  of  panels  were  constructed  in  the  normal  manner  with  the  primary 
variable  being  the  time  between  the  layup  of  the  gel  coat  and  the  laminating 
resin.  In  this  manner,  the  time  the  inner  surface  of  the  gel  ooat  was  exposed 
to  air  was  varied.  A  set  of  panels  also  were  oonstruoted  using  a  male  mold 
technique  so  that  the  gel  coat  was  applied  immediately  after  the  laminate. 
The  outer  aurface  of  the  gel  ooat  was  then  exposed  to  air  during  the  full  cure. 
Another  aet  was  made  without  a  gel  coat.  In  addition,  samples  of  gel  coat  and 
laminating  resins  were  oast  on  a  waxed  glass  plate  and  allowed  to  cure  with 
one  side  against  the  mold  and  the  other  side  exposed  to  air.  After  these 
samples  were  cured  they  were  immersed  in  the  65®^  water  bath  and  observed  in 
the  same  manner  as  the  other  samples.  The  results  are  given  in  Table  4  and  6 
(see  eeries  -  3,  32  and  34  for  the  EG  orthophthalic  laminating  resin  with  a 
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Figurt  21  Exotlwnn  results. 


BPG  Isophttialle  gel  coat,  series  64,  67,  77  fw  NPG  Isophthallc  gel  coated  PG 
orttwn^tbalio  laninates,  series  65  and  93  for  MPG  orthophthallo  gel  coated  oh 
the  MPG/EG  isophthallc  laminating  resin,  series  7  for  the  male  mold 
eons^uotion,  series  11  for  the  samples  with  no  gel  coat  and  series  29  and  43 
fc^  the  resins). 

Mlcrosccgiio  Studies 

In  order  to  get  a  better  understanding  of  the  structure  of  blisters, 
blisters  were  cross  sectioned  using  a  thin  sectioning  technique.  This  allowed 
the  blistering  process  to  be  investigated  on  a  microscopic  level  with  the  use 
of  a  polarizing  light  microscope.  The  sections  not  only  showed  the  internal 
structure  of  the  polyester  composite,  but  also  showed  the  location,  and  the 
growth  process  of  the  blister.  This  permitted  us  to  explore  the  cause  and 
effect  relationships  associated  with  blistering  in  fiberglass  reinforced 
polyester  resins. 

After  a  blister  was  isolated,  the  blister  to  be  cross^sectloned  was  cut 
out  of  the  composite  with  a  key  saw.  The  sample  was  then  sliced  into  thin 
sections  by  the  use  of  a  diamond  saw,  with  water  as  a  coolant.  The  thin 
diamond  blade  allowed  the  preservation  of  most  of  the  blister.  This  gave  a 
series  of  sections,  one  following  the  other,  as  in  amotion  picture.  After 
the  sectioning,  the  surfaces  of  the  sections  were  ultrasonically  cleaned  in  a 
methanol'-water  solution  polished  with  a  series  of  abrasives  and  prepared  on 
slides  for  microscopic  viewing.  The  section  was  placed  on  the  glass  slide  and 
Imbedded  in  immersion  oil.  After  a  cover  slide  was  put  in  place  and  the 
bubbles  forced  out,  the  slice  was  viewed. 

High  resolution  photographs  were  taken  of  these  sections  and  the  sequence 
of  blistering  was  determined.  Although  the  saw  does  damage  some  of  the 


a^rtieture,  aoat  r^ain  intact  persltting  a  bettor  understanding  of  blistering 
to  be  ai^ieved  (see  Flgtn*e  tO). 

Blisters  wore  seen  to  have  initiated  as  a  result  of  discontinuities  in  the 
polyoster  ooaposlte.  Exanples  of  these  dlsoontinuities  observed  are  foreign 
particles  (saw  dust),  air  bubbles,  disk  cracks  and  low  solecular  weight 
fractions  concentrated  at  the  disk  cracks.  Certain  slides  indicate  that 
osnotie  cracks  are  another  possible  site  for  blister  initiation.  Figure  6 
shows  disk  cracks  surrounded  by  certain  low  noleoular  weight  fractions, 
specifically  cobalt  salts,  originating  froB  unreacted  promoter.  These  low 
molecular  weight  fractions  can  be  seen  as  a  halo  around  the  disk  crack.  Once 
the  disk  crack  forms  a  vacuum  is  created.  The  low  molecular  weight  materials 
in  the  vicinity  of  the  crack  are  drawn  into  this  site,  increasing  the 
possibility  of  an  osmotic  solution  forming. 

A  series  of  thin  layers  were  observed  in  the  laminates.  These  layers  were 
2-5  mils  in  thickness  and  occurred  at  surfaces  which  had  cured  for  a  period  of 
time  before  the  next  layer  was  added,  these  layers  exhibited  birefringence 
under  the  polarizing  microscope.  It  is  assumed  that  these  are  styrene  rich 
layers  but  further  experiments  are  needed  to  determine  the  sources  and 
composition  of  these  layers. 

Stress  Measurement  Experiments 

The  microscopic  examinations  described  above  clearly  show  that  internal 
cracks  form  In  the  composite  material.  While  some  of  the  late  cracking  is  due 

(I 

to  osmotic  pressure,  there  is  clearly  some  cracking  due  to  stress  buildup 
which  takes  place  before  the  osmotic  processes  begin.  Several  experiments 
have  been  conducted  to  learn  more  about  these  stresses.  In  the  first  section 
of  this  report  the  stress  fields  that  can  be  generated  by  the  swelling  caused 


I>3r  wat«r  diffusion  into  the  resin  were  discussed.  Huch  of  that  discussicm  is 
tlift(»*etioal  eiui  additional  data  nust  he  collected  to  prove  this  hypothesis. 

Internal  cracks  Kust  be  the  result  of  intw'nal  stresses.  The  position  of 
the  internal  stresses  and  the  relative  strength  of  the  stress  can  be 
detemined  by  two  aetluHla,  polarized  light  and  strain  gauges.  Stress  fields 
cause  birefringence  in  polysters  uhich  is  visible  when  a  polyester  is  vi«>ied 
und«r  {M^arized  light,  using  crossed  nlcol  prisus.  This  technique  was  used  to 
exaaine  stresses  in  polymers.  However,  to  make  quantitative  measurements  of 
the  stress  levels,  an  optical  compensator  lens  is  needed.  Even  then,  it  is 
impossible  to  separate  the  stress  developed  by  water  diffusion  from  the  stress 
g«i«rated  by  the  polymerization  shrinkage  during  curing.  Instead  of  pursuing 
this  approach,  a  preliminary  experiment  were  conducted  using  strain  gauges* 
These  gauges  were  embedded  in  the  polymer,  directly  after  the  gel  coat,  as  the 
laminate  was  built  up.  After  polymerization,  the  stresses  were  measured  and 
the  strain  gauges  were  zeroed.  The  material  was  then  exposed  to  water  and 
stress  development  was  monitored.  The  results  indicated  that  the  stresses 
that  develop  in  the  laminate  can  be  measured  in  this  manner.  However  the 
te<dmique  must  be  refined  to  permit  useful  interpretation  of  the  readings. 

Trace  Hetal  Analysis 

One  source  of  water  soluble  material  is  the  inorganic  cations  in  the  resin 
additives.  In  cv'der  to  evaluate  potential  sources  of  these  ions,  a  series  of 
resins  were  analyzed  by  x-ray  fluorescent  analysis.  The  data  for  a  number  of 

t 

gel  coat  resins  and  one  laminating  resin  are  s)x>wn  in  Table  8. 
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111.  DISCUSSION 


A  ntmber  of  experiaenta  were  conducted  to  deternine  the  factora  that 
i&fltt«3ce  hliaterlng.  As  note  Insight  was  obtained  additional  or  new  samples 
were  run.  In  general  the  test  panels  fall  into  6  categories.  These  include 
several  series  to  determine  the  effect  of:  changing  supplies,  using  various 
ccmbinations  of  commercially  available  gel  coats  and  Irainating  resins,  the 
anbient  temperature  during  construction  and  postcure,  the  types  and  amount  of 
glass  in  the  resin  rich  layer  between  the  gel  coat  and  the  laminate,  air 
inhibition  of  gel  coat  surface,  and  the  rate  of  water  uptake  and  leaching  of 
resins  and  laminates. 

Analysis  of  the  results  has  led  to  a  set  of  general  conclusions  idiich  are 
presented  and  discussed  below.  Blister  initiation  time  is  a  function  of  gel 
coat  thickness  as  predicted  by  Fick*s  law  of  diffusion  which  was  discussed 
earlier  and  confirmed  by  blister  initiation  studies  by  Crump  (10)  and  by 
experiments  and  65  and  experiments  6k  and  77.  in  this  study.  As  indicated 
earlier  In  this  report,  blisters  do  not  form  until  water  reaches  the  laminate 
layer  and  dissolves  some  water  soluble  material.  The  thicker  the  gel  coat, 
the  longer  it  takes  for  sufficient  water  to  permeate  to  the  initiation  site. 
Thus  comparison  of  blister  initiation  times  for  different  samples  are 
meaningless  unless  the  gel  coat  thicknesses  Is  the  same  or  the  blister 
initiation  time  is  normalized  to  eliminate  gel  coat  thickness  differences. 

Bllst^  initiation  times  for  a  series  of  samples,  is  given  in  Table  9  and 
shown  in  Figure  22.  The  data  Indicate  the  effects  of  both  thickness  aznd 
resin  selection.  This  data,  normalized  to  a  Ik  mil  gel  coat  thickness  is 
shown  in  Figure  23.  The  data  was  adjusted  by  either  calculating  a  rate  per 
mil  of  gel  coat  thickness  ar  by  interpolation,  if  data  were  available  for  a 
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Figure  23  Blister  Initiation  versus  resin  combination. 

All  gel  coat  thicknesses  have  been  normalized 
to  14  nils. 


OOSposit«  with  two  different  thicknesses  of  the  same  gel  coat.  These  data 

indicate  that  blister  initiation  time  is  a  function  of  both  the  laminating 

\ 

resin  andHhe  gel  coat  formulation.  In  all  cases  samples  made  with  PG 
orthophthalic  laminating  resins  were  better  than  those  made  with  NPG/EG 
isophthalio  resins.  Results  from  initial  experiments  indicated  that  both  of 
these  resins  produced  laminates  that  were  far  superior  to  those  made  with  EG 
orthophthalic  laminating  resin.  On  a  PG  orthophthalic  laminating  resin,  the 
MPG  orthophthalic  gel  coat  was  better  than  the  MPO  laophthalic  gel  coat  which 
was  better  than  the  vinyl  gel  coat.  The  order  changed  when  the  same  gel  coats 
were  used  on  NPG/EG  isophthalio  laminating  resins  with  NPG  isophthalio  best, 
vinyl  intermediate  and  NPG  orthophthalic  gel  coat  blistering  the  most  quickly. 
It  appears  from  our  calculations  and  from  our  observations  of  birefringence, 
using  a  polarized  microscope,  that  residual  stresses  created  during  layup  and 
stresses  produced  by  water  related  swelling  account  for  some  of  these 
differences. 

The  severity  of  blistering  30  days  after  blister  Initiation,  as  measured 

by  the  density  and  size  of  the  blisters,  is  a  function  of  the  laminating  resin. 

The  PG-orthophthallc  resin  resulted  In  fewer  but  larger  blisters  while  the 

NPG-EG  isophthalio  resin  produced  more  but  smaller  blisters,  when  NPG 

orthophthalic  and  NPG  isophthalio  gel  coats  were  used.  In  both  cases  the 

total  area  affected  was  about  the  same.  When  vinyl  gel  coats  were  used  both 

laminates  produced  approximately  the  same  number  of  small  blisters  per  square 

centimeter  within  the  30  day  period.  However,  later  examination  of  the 

samples  indicate  that  the  blisters  on  thfr  sample  with  orthophthalic  laminating 

resin  increased  in  size  and  resembled  those  on  the  other  orthophthalic  samples. 

This  delay  may  be  due  to  the  lover  permeation  rate  for  the  vinyl  gel  coat. 

* 

Samples  made  with  NPG  isophthalio  gel  coat  on  an  EC  orthophthalic  laminating 


ri^ins*  blistered  sore  severely  than  isophthalie  gel  coated  panels  made  with 
the  ctiUKT  laminating  resins.  These  samples  developed  eraoks  in  the  gel  coat. 
In  addition,  the  blister  initiation  time  was  not  an  indicator  of  blister 
severity.  Saoaples  which  blistered  early,  may  or  may  not  develop  a  severe  case 
of  blisters.  As  indicated  in  Table  5  there  was  considerable  variation  in 
blister  size  and  number  within  the  sets. 

The  blister  initiation  time  was  approximately  the  same  for  similar  gel 
coat  materials  rerardless  of  supplier.  However,  the  severity  of  blistering 
varied  greatly  among  similar  gel  coats  from  different  suppliers.  In  addition 
to  blistering,  some  samples  developed  crazing.  One  reason  for  this  could  be 
the  variations  in  filler  and  extender  contents  in  the  different  gel  coats  made 
from  the  same  base  resin.  Wide  variation  in  metal  ion  content,  as  determined 
by  x-ray  flu<»*escenoe  analysis,  was  noted  in  commercially  available  resins 
from  different  suppliers.  As  should  be  expected  variations  also  were  noted 
between  gel  coat  and  laminating  resins.  These  differences,  along  with 
possible  sources  of  each  ion,  are  shown  in  Table  B. 

The  series  of  experiments  made  to  test  the  effects  of  laminating  a 
postcure  temperature  showed  that  lay-up  temperatures  between  50  and  90op 
not  have  a  major  influence  on  blister  resistance  for  NPG- isophthalie  gel 
coated  orthophthalic  laminates.  However,  these  laminates  did  show  an  effect 
of  temperature  at  lOO^F.  The  high  temperature  laminates  showed  a  higher 
density  of  blisters  than  the  other  laminates  but  the  blisters  were  very  small 
(less  than  O.A  am^  surface  area).  At  the  low  temperature,  an  NPG 
orthophthaiic  gel  coat  did  not  fully  cure  even  after  100  hours.  Although  no 
significant  difference  could  be  found  in  the  blister  initiation  time  for  these 
laminates,  there  was  considerable  variation  between  individual  samples. 


In  the  experiments  with  a  resin  rich  backup  layer,  samples  made  with  a 
4^iQpped  gun  roving  in  this  layer  severely  blistered.  Samples  made  with  veil 
mats  exhibited  an  intermediate  amount  of  blistering  while  a  1-1/2  oz.  of 
powdmr>  bound  mat  used  in  the  resin  rich  backup  layer  showed  superior  blister 
resistance.  As  indicated  earlier  in  this  report  sizing  and  binders  can  be 
considered  a  source  of  water  soluble  materials  (WSM) .  This  may  be  the  cause 
of  blistering  in  these  samples.  Samples  of  gun  roving  from  different 
suppliers  lost  1-6<  by  weight  when  they  were  heated  to  700®^.  However  when 
these  materials  were  immersed  in  water  the  pH  of  the  water  did  not  change 
substantially.  Further  work  is  necessary  both  in  identifying  this  material 
and  in  using  other  reinforcement  materials  in  the  backup  layer. 

Preliminary  results  on  the  importance  of  an  air  inhibition  layer  at  the 
gel  coat  laminate  interface  show  that  exposure  of  the  gel  coat  to  air  while 
curing  severely  decreases  blister  resistance.  Times  between  laying  up  the  ge:i 
coat  and  the  laminate  of  0,  1  and  96  hrs.  were  used  for  a  composite  consisting 
of  NPC  isophthalic  gel  coat  and  a  EG  orthophthalic  laminating  resin  (series  3, 
32  and  Times  of  1  hr.  and  M8  hrs.  were  used  for  series  95  and  93i 
respectively,  which  consisted  of  an  NPG  orthophthalic  gel  coats  on  an  NPG/EG 
isophthalic  laminating  resin.  In  both  cases  the  samples  with  long  air 
exposure  times  blistered  more  quickly  than  those  with  shorter  exposures. 
Series  11,  which  was  made  without  a  gel  coat,  developed  tiny  blisters  soon 
after  being  immersed  in  the  bath.  However,  these  blisters  disappeared  in  a 
short  time.  No  further  blistering  was  observed  but  crazing  did  develop. 
Series  7,  which  had  the  sequence  of  layup  reversed  so  that  the  inner  surface 
was  not  exposed  to  air  but  the  outer  layer  was,  did  not  develop  blisters. 
However,  the  gel  coat  surface,  which  cured  in  air,  became  very  chalky  and 


appeared  rough  and  pitted,  the  surface  was  similar  to  those  described  for  the 
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Figure  24  Surface  of  an  orthophthalic  gel  coat 
cured  against  a  waxed  mold.  This 
photograph  was  taken  after  2000  hours 
of  immersion  in  65*C  distilled  water. 
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Surface  of  an  orthophthallc  gel  coat 
cured  !n  contact  with  air.  This  Is 
the  reverse  side  of  the  gel  coat 
surfi>ce  shown  in  figure  Z4.  Exposure 
tine  approximtely  2000  hours. 


gel  eoat  samples  discussed  below.  The  l«Binate  surface,  which  was  cured 
against  mold,  did  not  blister  but  did  develop  aany  tiny  cracks  (crazing). 

ift«*  2*000  hours  in  the  water  bath,  there  is  a  aajor  difference  in  the 
4^g>earanee  of  the  air  cured  and  non-air  cured  surfaces  of  the  gel  coat  apples. 
Figure  24  shows  the  surface  of  this  gel  coat  which  was  initially  cured  against 
a  waxed  mold.  The  surface  appears  smooth  and  unaffected  by  water.  The 
opposite  surface,  cured  in  air  under  mnbient  conditions,  is  shohn  in  Figure  25. 
This  surface  appears  rough  and  pitted.  The  curing  reaotira,  on  this  side  was 
Inhibited  by  oxygen  reacting  with  free  radicals  near  the  surface.  We  feel  the 
roughness  is  a  result  of  water  dissolving  these  degradation  products  from  the 
surface.  The  absence  of  blistering  In  these  materials  may  be  related  to  the 
ability  of  WSM  materials  to  leach  put  through  the  air  inhibited  surface  during 
immersion.  The  reddish  coloring  on  this  surface  is  evidence  that  a  material 
Is  leaching  out  in  some  area. 

It  is  hypothesized  that  these  air  inhibition  products  dissolve  in  the 
laminating  resin,  creating  a  layer  of  water  soluble  materials  directly 
iinderneath  the  gel  coat.  This  material,  then,  serves  as  a  site  Tor  blister 
initiation.  Additional  experiments  are  being  conducted  to  explore  this  theory 
further . 

Met  weight  change  data  indicates  that  the  laminates  reach  a  maxlmm  weight 
after  several  hundred  hours,  and  then  begin  to  lose  weight.  In  most  cases, 
the  samples  eventually  weighed  less  than  they  did  when  they  were  first 
immersed.  The  amount  of  weight  gain  and  the  time  to  maximum  weight  appear  to 
be  a  function  of  the  lamianting  resin  and,  to  a  lesser  extent,  the  gel  coat 
resin. 

Generally,  laminates  made  with  PG  orthophthalic  laminating  resin  were 
found  to  gain  more  weight  and  to  take  longer  to  reach  naximun  weight  than 


tlioft#  sad*  from  8PG/EC  isophthalio  laminating  reains.  The  PC  ^thophthalic 

laalnating  resins  with  HPG  <»*thophthalio  gel  coats  gained  more  weight  and  took 

\' 

longer  to  reach  a  maximum  weight  than  those  with  NPG  isoiAithBlic  gel  coats. 
SGI  ca'thophthalio  laminating  resins  appear  to  gain  more  weight  but  reach  a 
maximum  in  a  shorter  time  than  those  constructed  with  PG  orthophthalic 
laminating  resin.  However,  when  the  gel  coat  cracks  the  laminates  gained 
considerably  more  weight  and  took  a  longer  time  to  reach  the  maximum.  Since 
the  laminating  resin  Is  the  major  polymer  component  in  the  panels,  the  amount 
of  weight  gain  should  be  related  to  the  equilibrium  water  content  of  the  resin. 
This  appears  to  be  the  ease. 

The  maximum  weight  gain  occured  much  lat«*  than  blister  initiation.  The 
■unriimwi  weight  gain  appears  to  occur  about  2~3  times  later  than  the  time  of 
hliater  initiation.  For  samples  3B  and  7B,  the  initial  rate  of  water  uptake 
is  about  3x10*5  g/cm^  hr.  this  Is  about  10  tinea  the  initial  rate  of  wt.  loss 
of  about  2x10“®  g/cm^  hr. 

Results  from  the  exotherm  temperature  experiments  indicated  that  the 
orthophthalic  resin  released  less  heat  and  did  not  get  as  hot  as  the 
isophthalio  resins.  It  also  indicated  that  the  peak  temperature  was  directly 
proportional  to  the  ambient  temperature  of  the  layup.  However  the  time  to 
reach  the  peak  temperature  was  an  inverse  function  of  the  ambient  temperature. 

Finally,  microscopic  examination  of  thin  cross-sections  of  blister  samples 
indicated  that  concentrated  water  soluble  materials  nay  be  a  major  factor  in 

blister  initiation  time  and  severity.  Microscopic  examination  of 

% 

croaa-aectiona  of  blisters  indicated  that  they  occur  at  disc  cracks  and  in 
areas  containing  a  concentration  of  water  soluble  material,  such  as  promoter 
and  sawdust.  Pritchard  (3,5,6)  has  reported  that  excess  glycols  in  the 
laminate  resin  accelerate  blistering.  Bruggerman  and  Denoas  (M)  has  reported 


that  water  sensitive  clays  adversely  affected  blistfu*  resistance.  To  furtlwr 
test  this  idea  we  incorporated  dyed  sorbitol  pellets  in  a  layup.  Large 
hllsters  appeared  at  these  locations  within  the  first  day  while  general 
blistering  did  not  occur  for  several  days  of  isaersion  at  I50oy. 

Disk  cracks  imder  the  gel  coat  were  observed  in  many  samples  after  wator 
iSEaersion.  These  are  due  to  swelling  stresses  produced  by  water  absorption. 
k  purple  cOlcH*  (attributed  to  cobalt  salts)  was  observed  in  some  of  these  disk 
cracks.  Stress  birefringence  caused  by  polymerisation  shrinkage  at  the  gel 
coat  laminate  interface  was  observed  under  a  polarized  light  microscope. 
Stress  fields  around  and  at  the  ends  of  glass  fibers  were  also  observed. 
Preliminary  studies  indicate  that  strain  gauges  can  be  used  to  measure  the 
rate  of  stress  buildup  within  the  laminates.  However  more  work  is  needed  to 
be  able  to  interpret  the  data  that  can  be  obtained. 

Based  on  theory,  data  reported  in  the  literature  and  the  resulta  of  this 
research,  a  mechanism  for  blistering  has  been  developed.  This  blister 
medianism  can  be  summarized  by  the  following  sequence  of  events: 

1.  ¥hen  gel  coat  material  is  applied  to  the  mold  the  outer  surface  is  cured 
in  the  presence  of  air  which  produces  an  air  inhibited  layer  containing 
large  amounts  of  water  soluble  benzaldehydes. 

2.  When  the  laminating  resin  is  applied,  this  water  soluble  material  is 
dissolved  in  the  first  layer  of  the  laminate. 

3.  As  the  laminating  resin  cures  it  bonds  to  the  solid  gel  coat  and  then 

shrinks  on  curing  producing  a  tensile  stress  in  the  laminate  near  the  gel 

\ 

coat  interface. 

Vpon  immersion  of  a  polyester  laminate,  water  begins  to  diffuse  into  the 
polymer  network. 

5.  This  water  absorption  produces  a  swelling  of  the  gel  coat. 


6.  As  tbe  SHOll^  layer  tries  to  expand  it  produces  tension  in  the  underlying 
dry  layer  to  which  it  is  bonded. 

7.  This  tensile  field*  which  lies  ahead  of  the  advancing  water  front, 
I»*odtt08s  stress  which  result  in  disk  <racks  in  weak  or  brittle  resin.  The 
stress  field  is  vaxiaized  by  coabinaticm  with  polyaerizatlon  stre8s<». 

8.  Vhen  the  disk  cracks  open,  they  create  a  localized  vacuum  Into  which 
adjacent  W8t«r  soluble  molecules  can  diffuse.  The  water  soluble  material 
I»*oduced  by  air  inhibition  is  already  present  in  this  zone. 

9.  Diffusing  water  molecules  reach  the  cracked  zone  and  Int^act  with  the  now 
concentrated  water  soluble  material,  forming  a  conoentrated  solutiw* 

10.  At  this  point  the  osmotic  pressure  begins.  Water  is  drawn  into  the  zone 
producing  osmotic  pressure  which  builds  until  the  creep  stress  of  the 
polymer  is  exceeded  and  a  bubble  begins  to  tom  in  the  gel  coat. 

The  above  sequence  describes  the  relatively  short  tern  blistering  which 
occurs  Just  below  ttie  gel  coat  laminate  interface  where  stress  plays  a  role  in 
nuoleation.  There  is  another  type  of  blistering  that  occurs  as  a  result  of 
concentrated  zones  of  water  soluble  material.  For  this  type  of  blistering  to 
occur,  all  that  is  necessary  is  that  water  reach  the  pocket  of  water  soluble 
material.  Such  zones  of  materials  may  be  present  because  of  poor  curing, 
under  or  oxver-catalyzation,  poor  mixing,  poor  housekeeping  practices,  water 
soluble  binders  or  fillers,  etc.  A  third  type  of  blistering  that  may  exist  la 
one  caused  by  prolonged  water  saturation  of  the  polyester.  Long  term 

t 

hydration  of  polyester  may  result  in  slow  hydrolysis  of  ester  linkages  causing 
a  blister  which  does  not  begin  for  several  years.  While  field  observations 
suggest  the  occurrence  of  this  type  of  blisters,  it  has  not  been  proven  In 
laboratory. 


S«sear^  should  b«  continued  on  the  effects  of  air  inhibition,  stress 
ooxM^tratitm,  and  glaas  binders.  Boat  aanufaoturers  should  consider  using 
thicker  gel  coats,  avoiding  emulsion-type  binders,  preventing  air  inhibition 
tlM  gel  coat  and  paying  careful  attention  to  quality  control  and  assurrance 


prograns. 
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IV.  afl<MAR!t 


Listed  below  are  the  major  finding  of  this  research  project.  The  reader 

is  urged  to  consider  the  implications  only  after  a  thoughtful  reading  of  the 

text. 

1.  Currently  used  glass  reinforced  polyester  laminates  are  excellent 
materials  for  boat  building  but  under  some  circuostances  can  develop 
blist^s. 

2.  All  resins  contain  some  water  soluble  material  (VSM).  Only  if  this 
material  is  concentrated  at  a  point  in  the  hull  it  will  cause  blistering. 

3.  Blisters  are  caused  by  water  diffusing  into  the  hull  and  reacting  with 
water  soluble  material  to  form  a  droplet  of  solution  which,  because  of 
osmotic  pressure,  grows  in  volume  and  creates  a  force  which  deforms  the 
overlying  laminate  and  gel  coat. 

>1.  Three  types  of  osmotic  blisters  occur.  Water  soluble  material 

concentration  blisters  are  formed  from  clusters  of  water  soluble  materials 
present  in  the  hull  when  the  boat  is  built.  Stress  Induced  blisters  form 
because  water  soluble  material  is  concentrated  by  water  diffusion  and 
stresses.  Long  term  blisters  form  because  of  ester  hydrolysis  of  the 
polyester  molecules. 

5.  Other  factors  being  equal,  gel  coat  thickness  detennines  when  blisters 
will  begin  to  form. 

6.  Laminate  lay-up  and  post-cure  t«nperatures  did  not  have  a  major  effect  on 
blister  initiation  time  or  blister  severity  for  temperatures  between  50 
and  90oy.  Higher  temperature  postcure  should  improve  laminate  stability. 
The  degree  of  cross-linking  is  a  critical  parameter  since  It  determines 
the  properties  of  a  resin. 


76 


7  The  resin-rich  region  between  the  gel  coat  and  laminate  must  be  carefully 
designed  to  minimizing  blisters.  The  selection  of  the  types  of  resin  and 
glass  are  important  factt^s.  this  includes  ccmipabillty  of  the  resin  with 
the  gel  coat  resin  and  the  type  and  amount  of  binder  and  size  on  the 
fiberglass. 

8.  Control  of  air  inhibition  during  lay-up  can  Improve  blister  resistance. 

9.  Microscopic  examination  of  blisters  indicated  the  presence  of  saw-dust, 
disk  cracks,  promoter  and  internal  stresses  in  the  region  of  the  blister. 
Without  such  examination  it  is  Impossible  to  pin  point  the  exact  cause  of 
blistering  in  a  particular  boat. 

10.  Leaching  of  material  from  gel  coats  will  cause  surface  crazing  of  the 
material . 

11.  All  samples  blistered  under  the  test  conditions.  The  blister  initiation 
time  and  severity  of  the  blisters  fonsed  during  this  study  was  a  function 
of  both  the  laminating  resin  and  the  gel  coat  used.  The  types  of  glycol 
used  in  both  resin  also  wa.'?  an  important  factor.  The  size  of  the  blisters 
depended  on  the  length  of  time  the  sample  is  immersed,  the  laminating 
resin,  the  thickness  and  permeability  of  the  gel  coat  and  the  t«nperature 
of  layup  and  postcure.  The  chemistry  of  the  materials  are  complex  and 
variations  were  seen  among  generic  types  from  different  manufacturers, 

12.  It  is  recommended  that  boat  manufcturers  institute  prograrcis  of  quality 
control  and  quality  assurance,  with  specification  for  their  supplies  to 
minimize  the  blister  problem.  Standardized  test  procedui'is  would  help 
comparison  and  interpretation  of  data.  Procedures  uaed  to  make  emd 
postcure  the  samples  should  be  similar  to  those  used  in  manufact>  ’.ng. 
This  will  permit  comparison  of  different  resins  and  will  more  accurately 
reflect  blister  potential  in  actual  use. 


Hotstlon 


C  Water  concentation  (moles  H20/volume) 

D  Polyester-imter  diffusion  coefficient  (LengthS/time) 

EG  Ethylene  glycol 

IPA  Isophthalic  acid 

Low  molecular  weight  water  soluble  material 
WPG  Neopentyl  glycol 

OPA  Orthophthalic  acid 

PG  Propylene  glycol 

MEKP  Methyl  ethyl  ketone  peroxide 

S.  Solubility  of  water 

t  Time  parameter 

X  Distance  parameter 
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